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Abstract 

The  distribution  function  for  the  spherical  source  is 
determined  by  integrating  the  B-G-K  model  equation,  v.-hcre 
the  local  temperature  is  determined  by  the  moment  equations 
under  the  hypersonic  approximation.  In  the  far  field,  the 
axial  distribution  is  nearly  Maxwellian.  A  free  molecule 
limit  exists',  but  does  not  define  the  lateral  temperature 
and  higher  moments  properly.  The  lateral  temperature  is 
determined  by  far  field  collisions,  and  is  largely  contained 
in  the  toil  of  the  lateral  distribution.  A  Mach  number  or 
a  Reynolds  number  similarity  in  the  distribution  function 
is  shown. 


1.  Introduction 

Since  Ashkenas  and  Sherman^  pointed  out  that  the  flow 
along  the  centerline  of  a  jet  issuing  from  a  sonic  orifice 
into  a  vacuum  could  be  approximated  by  a  supersonic  spheri¬ 
cal  source  flow,  and  since,  in  the  for  field,  the  viscous 
effects  can  be  shown  to  be  significant,  there  has  been 
interest  in  the  analysis  of  source  flow,  with  the  transition 
to  free  molecule  flow  of  concern.  Narasimha^  presented  a 
"collisionless"  solution  to  the  problem,  and  noted  the  far 
field  properties  of  a  limiting  Mach  number  and  a  nearly 
uniaxial,  radially  directed  distribution  function.  To 
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study  transition  f  roTi  continuum  to  a  nearly  col  1  is  ion  less 
region.  Brook  and  Cman^  adopted  the  B-G-K  r.odcl  of  the 
6olti:mann  equation  for  a  monalamic  gas  v/hich  v;as  further 
simplified  by  the  hypersonic  approximation  and  integrated 
numerically.  There  was,  hov:ever  a  question  regarding  the 
omission  of  several  terms  from  the  basic  equation.  The 
problem  was  subsequently  analysed  by  Hamel  and  Uillis^  for 
a  Haxv;cll  molecule,  and  by  Edi;ards  and  Cheng5  using  the 
B-G-K  equation.  If  the  collision  frequency  An  in  the  B-G-K 
model  is  taken  to  be  ^Ijl,  the  two  melhcds  yield  equal  moments 
of  the  collisional  terms  to  second  order,  and,  with  the 
approximation  introduced,  the  results  of  References  -5  and  5 
are  equivalent.  In  both  studies,  the  fiov/  was  assumed  to 
have  reached  hypersonic  speeds  before  the  dissipative  effects 
became  significant,  and,  under  the  hypersonic  approx ir.at ion, 
it  was  sha.'n  that  the  moment  equations  could  be  truncated 
at  second  order.  Again,  a  limiting  temperature  and  uniaxial 
distribution  function  were  obtained.  Cylindrical  source 
flows  were  also  studied  by  tnc  sere  techniques  in  both  papers 
Recently,  Edwards  and  Rogers^  have  applied  the  same 
approach  tc  the  study  of  the  slrcaml ine -structure  in  an 
axisynmetr ic  free  jet.  It  was  concluded  that,  in  the  far 
field,  the  flov/  along  the  axis  of  symmetry  is  reducible  to 
the  spherically  symmetrical  source  flc*./. 

Borisov^  has  solved  a  two  dimensional,  I  iriic  dependent, 
rotalionally  symmetric  problem  for  liaxwell  molecules  using 
the  method  of  Grad,  If  the  problem  is  assumed  to  be  Inde¬ 
pendent  of  z,  there  exists  a  solution  to  the  niament  equations 
in  v/hich  the  flow  is  directeo  ai-/ay  from  the  z-axis  with  a 
speed  proportional  to  the  distance  from  the  axis  and  in¬ 
versely  proportional  to  the  time.  V/ilh  these  assumptions, 
the  moment  equations  admit  a  solution  in  which  the  pressure 
tensor  is  independent  of  position  and  has  rotational  symmetry 
about  an  axis  para  1  lel  to  the  z-axis,  and  in  which  the 
third  order  moments  are  zero.  This  unsteady  problem  is 
mathematically  equivalent  to  the  hypersonic  source  flow 
problem  considered  here  if  one  lets  t  =  r/|^ and  if  terms  of 
0(I/H)  are  omitted.  Borisov  obtains  an  equation  for  temper¬ 
ature  which  is  identical  in  form  to  Eq.  3  of  this  paper, 
v/ith  W  set  equal  to*  one. 

in  this  paper,  the  character  of  the  distribution 
function  for  the  spherical  source  flow  is  studied  using 
the  B-G-K  model  equations.  The  observations  and  conclusions 
on  the  analytical  behavior  of  the  distribution  function  in 


the  for  field  are  pressirrably  rol  lir.ited  by  the  model 
equation,  and  the  kno.;ledgc  should  be  helpful  in  interpret¬ 
ing  and  determining  distribution  functions  in  free  jet 
experiments.  The  solution  presented  here  may  also  serve  as 
a  basis  for  detailed  asscss-'-cnt  of  the  B-G-K  model  equation. 

2.  Rev i Cl/  of  Moment  Solution 


In  the  notation  of  Ref.  f*  the  follo.-.'ing  equations  may 
be  obtained  directly  by  takii:'-|  r:c-:,ents  up  to  second  order 
of  the  Boltzmann  B-G-K  equation  in  spherical  coordinates 
v/i  th  spher  i  ca  1  syxTe  t  ry . 


f(f-SRT) 


vdiere 

Prr  H  1 


Note  that  sre  the  orthogonal  co-nponents  of  particle 

velocity  in  the  direction  of  increasing  r,  0, ^respect ively. 
^4]  and ^^2  are  errors  due  to  truncation  of  the  moment  equa¬ 
tions  and  contain  moment  terms  higher  than  the  second  order. 
From  the  B-G-K  solution  to  f ,  A\  and  ^2  con  be  shoi/n  to 
belong  to  an  order  at  least  1//1  higher  than  that  of  the 
terms  which  are  kept.  ^  is  constant  to  0{]/i\^).  An  repre¬ 
sents  the  collision  frequency  term  and  is  taken  to  be 
proportional  topRl/j^. 

Assume /'.OCT^**,  and  A  =  (an-RTY/^)!  "^ where  a  is  a  constant 
of  order  unity.  I nt reduce (rt)  =  T/Tct?  ,  and  s  S  (f^Anr)  = 
^^r^/amBn  The  subscript  1  designates  a  reference 

upstream  point  where  the  flow  is  hypersonic,  brt  still  in 
equilibrium.  The  subscript  00  designates  conditions  far 
downstream.  Thcn/tl)  sat  isf  ies  the  equal  ion^^ 


Let 


Prr 


Then 


®s.  -  ^  =  -7^ dr® 


m 

(s) 


If  CO  =  1  (Maxv/ell  molecules),  Eq.  3  n:ay  be  solved  in 
terms  of  confluent  hypcrgeoTietr ic  functions,  and  a  unique 
solution  can  be  displayed  v.’tiich  satisfies  the  conditions: 

@(<B)-;^1,  and  .  as  s*>0,  it  approaches  the  isentropic  ^ 
solut  ion0cCs“^/3 .  In  .  ig.  1,  solutions  for(5),  ©iandV^j-^eP, 
are  shavn  as  functions  of  the  dimensionless  radius  s;  for 
U}=  0-5  and  CO=  1,  These  solutions  ivere  obtained  by  numeri¬ 
cal  integration  of  Eq.  3.  It  will  be  noticed  that  in  terms 
ofQP=  T/Tflp  ,  for  a  given  0),  transitions  from  an  isentropic 
to  a  frozen  temperature  are  represented  by  a  single  curve, 
irrespective  of  the  reservoir  pressure;  and  that  (^^^f o  1 1  ov.'s 


d)' 


sen.  closely  for  a  considerable  distance  beyond  the  point 
at  v.'hxh(^ diverges  fraii  the  isentropic  value.  At  very 
large  distances,  however ,  @^v/i  1 1  diverge  fi'oni(^5ep,  since 
the  isentropic  value  decays  as  ,  while,  the  solution 

to  Eq.  3  has  the  expansion  for  large  s: 

The  limiting  Hach  number  can  be  correlated  explicitly  with 
the  reservoir  conditions,  or,  equivalently,  the  ratio  of 
the  throat  temperature  to  limiting  temperature  iray  be 
expressed  as  a  function  of  the  throat  Reynolds  number: 

To,  /  r*  =  f  (J ) 

where  f(w)  is  approximately  2.5  and  10  for  1/2  and  1, 
respect ivcly. 


Inteqration  of  the  Distribution  Function 


The  moment  solutions  as  reviev/ed  in  Section  2  will  be 
used  to  compute  the  distribution  function. 


Consider  the  Boltzmann  B-G-K  equation  in  spherical 
coordinates  with  spherical  symmetry,  i.e. 


With  the  limiting  speed  taken  for£,  and  tlie  condition 
n|’r2  =  const.,  F  is  completely  defined  by  the  solution  to 
Eq.  3  for  icmpcralure.  Since  the  problem  is  spherically 
symTiCtr  icol ,  G  =P72  may  be  chosen.  With  this  choice,  ^  and 
Renter  synFiie  Ir  ica  1  ly  ,  and  the  variable's  i  s 

sufficient  to  define  the  lateral  velocity  components. 

Three  independent  var lab les  0^,^  and  r  are  introduced 
into  Eq.  %.  They  ore: 


J 


and  Eq.  ^  takes  the  form: 

Ju^-0Vr>-  0  =  (fo-) 

Oiand  y9  arc,  in  fact,  tv/o  of  the  characteristic  variables 
for  the  partial  differential  Eq.  8.  Constant  values  of  CL 
and  y3  correspond  to  constant  particle  kinetic  energy  and 
angular  momentum  about  the  origin  respectively.  V/ith  no 
collis'ons,  the  and  assoc  iated  vvith  any  particle  v/ould 
be  fixed,  and,  as  can  be  seen  fiom  Eq.  10,  the  distribution 
function  would  be  independent  of  r,  and  a  function  of (PC  and 
^ alone.  The  invariance  of  =  r^  in  a  collision-free 
solution  signifies  that  the  scale  of  the  abscissa  of  (he 
lateral  distribution  function  will  reduce  with  increasing 
r  like  1/r. 

A  formal  integration  of  Eq.  10,  starting  v/ith  a  radius 
ro,  yields:  n  r'  r 

f  ^  to  'i-  1 1 


where 


•F;  5 


'm 


v/ith  fo  (a.p)  representing  the  distribution  function  at  r  =  Tq. 

In  this  study,  since  the  flow  is  assumed  to  be  in  equil¬ 
ibrium  up  to  a  hypersonic  speed,  that  portion  of  the  distri¬ 
bution  function  which  has  a  negative  value  of  |  will  be 
ignored,  and  all  integration  with  respect  to  r  will  be 
performed  in  a  forward  direction.  The  analysis  which  follows 
will  be  presented  in  two  parts:  first,  an  analytical  study 


of  the  lateral  temperature  in  the  far  field,  and  second  a 
study  of  numerical  results  and  other  details  of  the  dis¬ 
tribution  function. 

^4.  The  Lateral  Temperature  and  Collisions  in  the  Far  Field 

Eq.ll  is  valid  for  any  initial  value  rQ,  provided  the 
flow  is  hypersonic  at  that  point.  The  solution  will  first 
be  studied  \/hen  ro  is  within  the  continuum  regime. 

The  exponential  in  Tq  may  be  expressed  in  the  form 
subject  to  a  relative  error  of  0(1/H), 

Aridn  ^ 

v/lth  r"^  defined  by  ^*♦2  ^  \7hore  r  and  n  are 

evaluated  at  any  point  where  the  flow  is  hyperson ic;  n'"  and 
represent  the  isentropic  Mach  on?  values  of  density  and 
mass  averaged  velocity;  was  replaced  by^  since 

fo  has  a  s  ignif  icant  value  onlv  near  ^  -  f  for  M>>  1 . 

For  ro/r*«  (Re“)  j  the  integral  in  Eq.  12 

is  large,  and  the  Fq  term  is'  rapidly  damped  out.  Conse¬ 
quently,  when  r/ro>.>l,  the  distribution  function  is  given 
by  fl. 

The  existence  of  a  limit  of  fj  as  r -^cois  easily  shown 
for  oi^-jS^/r^  greater  than  2:ero,  since  the  An^  times  a 
constant  will  daminate  the  integrand.  This  limiting  f]  can 
be  called  the  collision-free  limit  since  it  is  a  function 
of  o4 andy3 ;  but  it  does  not  give  the  correct  far  field 
lateral  temperature.  One  observes  that,  vdiile  f]  converges 
to  the  col  1  is  ion-free  1  im i  t  un iformly  iny^as  r-»a>, /3^f, 
as  v/ell  as  the  ratio  of  f|  to  its  collision-free  limit,  do 
not.  Consider  now  a  representation  in  which  ro/r*  is  large 
compared  to  Re'”.  The  integral  in  Eq.  12  is  then  very  small 
compared  to  1,  and,  in  Eq.  11,  f o  ^5; f o (c<>y3)  •  ^o  then  behaves 
as  a  nearly  collision-free  distribution.  The  number  density 
and  lateral  temperature  associated  with  Fq  v'ould  then  both 
be  shown  to  be  porportional  to  l/r^.  For  example 


and,  with  the  hypersonic  assumption,  in  the  region  of 
Interest,  4.4 hence, 


The  integral  in  Eq.  17  can  be  evaluated  by  using  Eq,  16 
and  interchanging  the  order  of  integration  to  obtain: 


"rS%i  { 

where  the  subscript  1  has  been  used  to  designate^  and  ^ 
at  rj.  Again,  with  the  hypersonic  approximation,  Eq.  17 
yields : 


for  m  =  0, 
and  for  m  =  2, 


where  Tj  has  been  introduced  to  designate  the  lateral 
temperature  of  the  scattered  molecules.  If  r>^  r^ 


C 


8 


These  results  are  strongly  dependent  on  r^,  but  the 
lateral  pressure  co:;iponer.l  is  not,  since 

MiTa/v  oTcs/ f  M 

The  lateral  temperature  of  the  combined  distribution 
will  be  given  by : 

^0  ^  .  ^o^oj,  '+■  C  Tec/ ^ 

■  ***  *"  ^ 

For  r  sufficiently  large, 

This  is  precisely  that  given  in  Eq.  6  of  Part  2.  It  has, 
thus,  been  demonstrated  that  the  lateral  temperature  at 
large  distances  from  the  source  is  governed  by  collisions 
in  the  far  field.  The  number  density  of  the  particles 
v/hich  furnish  the  lateral  temperatures  is,  on  the  other 
hand,  small  compared  to  the  total  number  density..  Spcci- 
f ical ly , 

«.  _  cr/fr-*/  c,)  _  J.  ii:  V"  (M) 

which,  by  assumption  is  small  compared  to  1.  The  lateral 
velocity  distribution  in  the  far  field  would  then  be 
representable  as  the  sum  of  two  distributions.  The  first 
would  contain  most  of  the  particles,  and  would  peak  near 
n=  0,  with  a  peak  width  proportional  to  1/r  and  a 
lateral  temperature  proportional  to  l/r^.  The  second  part 
would  contain  considerably  fewer  particles,  but  w’ould  have 
a  total  lateral  pressure  which  is  higher  than  that  of  the 
peaked  distribution.  The  resultant  lateral  temperature  is 
then  manifested  primarily  in  a  thickening  of  the  tail  of 
the  distribution  function  rather  than  in  the  pulse  v/idth. 

The  foregoing  study  indicates  clearly  that  the  distribution 
functions  in  lateral  velocity  is  not  adequately  represented 
by  the  collision-free  solution  in  the  far  field,  (in  fact, 
the  collision-free  limit  resulting  from  the  full  solution 
to  Eq.  10  v/ould  yield  infinite  lateral  temperature.) 

While  the  foregoing  is  based  on  the  B-G-K  model,  similar 
results  can  be  obtained  for  the  hard  sphere  with  relatively 
simple  arguments  that  follow.  Suppose  that  the  flow  is 
nearly  collisionless,  radially  directed,  v/ith  a  limiting 
temperature  Tj©  ,  and  a  limiting  Mach  number  Mg^»l.  The 
distribution  function  is  assumed  to  be  nearly  uniaxial  and 
aligned  with  the  flow.  The  number  of  collisions  per  unit 


time  and  volun-.e  is  proportional  toTT^r'ii  C.  Here  C  is  a 
mean  randcvn  speed,  and  is  the  collision  cross  section. 
After  collision,  a  mean  lateral  speed  of  approximately 
2/3C  v/ill  be  induced.  If  a  lateral  speed  is  induced  at 
r  =  rj,  it  ivi  1 1  be  decreased  by  a  factor  rj/r2  at  r  r2 
since,  vnth  no  fur thcr  col  1  is  ions , ^  =  const. 

Let  us  consider  then  the  "lateral  energy"  at  r  =  r2  due 
to  collisions  v;hich  have  taken  place  in  ro<,'r<r2.  Let 
ro>^r“T\e“.  The  major  portion  of  the  floi.*  v/ill  then  be 
nearly  col  1  is  ion  less .  The  flux  in  lateral  energy  through 
the  surface  of  the  sphere  at  r  =  r2  due  to  collisions  in 
the  prescribed  range  is 

ly  kJ  C  >'  (^S') 


v/here  Kj  is  a  constant  of  proportionality.  This  integral 
expresses  the  fact  that  the  lateral  energy  induced  at  r  is 
transported  outv-;ards  and  reduced  in  magnitude  by  the  ratio 
r2/r5  in  the  process.  If  n  =  n^rQ/r^,  then 

WaKir(r’-(nirJf)f 

and  ,  ^  1  2  5 

„r  I  -  ^  ~  ^  ^  C  r  (:^r) 

Since  n  is  proportional  to  l/r^ 

r.,  (^S") 


5.  More  Detailed  Properties  of  the  Distribution  Function 
and  numerical  Results 

The  dimensionless  radial  distance  s  is  introduced  as  in 
Eq.  3.  Let 

S'=Y 

Then  Eq.  7’becomes  : 


where 


\  K  r  m2 


Two  types  of  results  obtained  for  the  distribution 
function  i/ill  be  presented.  First,  the  centerline  dlstri- 
bu  t ! on  f  s)  will  be  deterpined.  Second,  the  integral 

M  will  be  evaluated  as  a  function  ofy^'  s,  and  the 
‘'manents  which  are  associated  with -this  distribution  will  be 
studied.  For  exa.nple,  ^fd/d^  or  J^^fcjdp  can  be  displayed 
as^  functJjOn  of  s.  Note  that,  if  the  flo;/  is  hypersonic, 

By  the  argunent  given  ir  Section  3,  one  can  ignore  the 
second  term  of  Eq.  31  if  the  integration  is  started  in  the 
equilibrium  region.  Then 


'f($} 


/( 


_  f 


This  equation  has  been  integrated  numerically  for  CO  =  1, 
and  Hf-y  =  15.  The  results  are  shown  in  Fig.  2.  The  rather 
high  degree  of  syimiclry  with  respect  to^'  =  1  is  expected 
from  Eq.  32,  since  except  in  M^(|'-l)^,  the^'  under  the 
integral  sign  can  be  replaced  by  =  1,  subject  to  an 
error  of  order  1/H.  This  indicates  that  the  similarity 
parameter  is  v;hich  is,  therefore,  employed  in  the 

presentation,  'note  that,  in  view  of  Ea.  7, 

At  large  values  of  s,  the  centerline  distribution  is  seen 
to  be  nearly  independent  of  s,  and  is  well  represented  in 
the  far  field  by  one  component  of  a  llaxwell  distribution 
with  a  temperature  which  is  three  times  the  limiting 
temperature.  The  factor  of  three  is  necessary  to  account 
for  the  fact  that  the  distribution  function  is  nearly 
uniaxial . 

The  lateral  distribution  will  be  character ized  by: 


v/here 


(ci‘^+  /  -ip^-y  ^^1- 

^(sjtt.p,',x)^  --  ^  - ! — - 


x‘*  ^'^*'"^c<‘^-^yx'-' 


i  4  JP^T^ 


(34) 


{3S) 


Consistent  willi  the  liypersonic  approximation,  che  interior 
integral  in  Eq.  35  is  evaluated  by  Laplace's  method  to 
yield,  (subject  to  an  error  of  order  1/H^  ). 

(«r 

°  ^  i  (30 

Eq.  36  can  be  further  simplified.  V/ith  the  integrand 
again  approximated  to  within  order  1/H^  ,  one  obtains  (for 

,s  J  Mis:'' -  yMTdA 

fM  ~  //  y- ^  -i 

0  ''  0  ® 

The  approximation  follov/s  from  the  fact  that  if  l'^/3  is  of 
order  one  or  less,  the  radicals  are  1+0(1/M^).  I  f  p' 1 . 
the  only  contribution  comes  from  the  neighborhood  or  x  =  s 
v/here  the  two  terms  in  the  radical  cancel,  again  with  error 
of  order  1/fl^  .  Note  ttat,  in  Eq.  3/  the  lateral  velocity 
enters  only  in  the  combination  p'  O'”  P' •  Also  note 
that  both  ranges  of  M  A'  considered  will  contribute  to  the 
Integral. 

Eq.  37  has  been  integrated  numerically  for  co  -  1,  and 
values  of0  obtained  from  the  integration  of  Eq.  3.  The 
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results  of  these  calcu  lat  io-'S  appear  in  Figs.  3,  and  5. 

In  Fig.  3,/fd|  is  plotted  A' a  ins t  the  similarity  parameter 

I*-  v/ill  be  noted  that  the  curves 
corresponding  to  s  -  7. 20  and  cO  are  quite  close  over 
much  of  the  range  of  .¥  plotted.  This  is  to  be  expected, 
since,  from  Eq.  37,  it  can  be  sho'./n  that  the  solution  v/ill 
depart  from  the  limiting  distribution  v/hen  is  of  order 
s.  The  curves  presented  for  large  s  cannot^e  T.eaningful  1y 
fitted  to  a  Maxv/el  1  ian-type  distribution  (the  dash 

curve);  the  scale  B  bears  no  relationship  to  the  lateral 
temperature. 

Fig.  ^  displays  psjfd^  as  a  function  of  ILfi' 

The  area  under  these  curves  is  independent  oi  s ,  since  this 
area  represents  s^n.  Again  the  existence  of  the  limit  is 
indicated.  Note  the  range  of  contributing  to  the 

area,  hence,  the  number  density,  is  =  0(1)  r  0. 

Fig.  5  shov/s  as  a  function  of  p*  correspond¬ 

ing  to  tv.'O  values  of  s.  For  large  s,  although  th  /  curves 
are  not  similar,  the  areas  under  the  curves  appear  to  be 
approximately  equal.  V/ith  this  area  fixed,  the  kleral 
temperature  varies  as  1/s.  The  main  contribution  ta  the 
area,  hence,  the  lateral  temperature,  is  seen  to  be  in  the 
range  of  t'^p'  -  0(1)  r  0.  The  limit  as  s*>COcan  be  obtained 
analytically,  and  is  given  by  the  dashed  curve. 

By  an  extended  application  of  tiie  method  of  Laplace  it 
is  possible  to  find  a  rather  general  moment  of  the  distri¬ 
bution  function,  again  v/ith  accuracy  1/M^  .  For  simplicity, 
consider  only  CO=  1 , 


^r\ 


' Pc 


(ss) 


where 


"  7^  x''© , 


Special  iz  inc-  lo  s  1 ,  sar.;ple  calculations  she.:  that 
jjOO^  jj02  2nd  reduce,  indeed,  to  n,  2n.^.T£)e/s  end 
respectively.  Note  that  for  j^l,  the  last  integral  of 
Eq.  38  Increases  with  s.  This  ccnfiri.is  that  nio'ents  v.-i  ih 
j^l  are  defined  mainly  by  collisions  in  the  far  field. 

6.  Conclusion 

In  the  far  field  of  a  spherical  source,  the  B-G-K  r.odcl 
equation  admits  a  solution  v/hich  po>csses  a  limiting  tc.i- 
perature  and  a  limiting  speed.  The  distribution  function 
is  nearly  uniaxial ly  and  radially  oriented,  but  the  lateral 
temperature  in  the  far  field  is  governed  by  far  field 
collisions.  Because  of  these  collisions,  the  lateral 
temperature  decays  as  l/r  rather  than  l/r^.  Hoi;evcr,  this 
lateral  temperature  and  higher  moments  will  be  manifested 
in  a  thickening  of  the  tail  of  the  distribution  function 
rather  than  in  a  broadening  of  the  spike.  The  primary 
contribution  to  the  lateral  temperature  comes  from  the 
region  where  is  0(1),  The  spike  width  decreases  as 

l/r,  and  a  lateral  temperature  measurement  bascu  on  spike 
width  would  indicate  a  temperature  decay  vlicn  is  propor¬ 
tional  to  l/r^. 

Fo"  hypersonic  flov/,  a  Hach  or  Bevnolds  number  independ 
cnee  is  obtained  for  bolli  axial  and  'aleral  distributions, 
with  or  ^  appcariig  only  as  a  scaling 

factor  for  the  peculiar  velocities.  The  axial  distribution 
in  the  far  field  looks  much  like  one  component  of  a  Maxwell 
distribution  which  possesses  a  temperature  three  times  the 
limiting  temperature. 
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